: Molecular tools for utilization of mitochondrial diversity in faba bean (Vicia faba). Genetika, Vol 46, No. 3,[745][746][747][748][749][750][751][752][753][754][755][756][757][758][759][760][761][762] We performed in silico PCR analyses utilizing complete mitochondrial (mtDNA) genome sequences of faba bean (Vicia faba) and two related species, Vigna angularis and Vigna radiata, currently available in GenBank, to infer whether 15 published universal primer pairs for amplification of all 14 cis-spliced introns in genes of NADH subunits (nad genes) are suitable for V. faba and related species. Then, we tested via PCR reactions whether seven out of 15 primer pairs would generate PCR products suitable for further manipulation in 16 genotypes of V. faba representing all botanical varieties of this species (major, minor, equina and subsp. paucijuga) of various levels of improvement (traditional and improved cultivars) originating from Europe, Africa, Asia and south America. We provide new PCR primers for amplification of nad1 intron 2/3 in V. faba, and demonstrate intraspecific variability in primary nucleotide sequences at this locus. Based on outcomes of both in silico predictions and PCR amplification, we report a set of PCR primers for amplification of five introns in nad genes that are promising molecular tools for future phylogeographic and other studies in this species for which unambiguous data on wild ancestors, centre of origin and domestication are lacking.
INTRODUCTION
Faba bean (Vicia faba L.) is a grain crop legume used mainly for food and feed predominantly in eastern and northern Africa and western Asia (AKIBODE and MAREDIA, 2011) .
Archaeological evidence reveals that V. faba is one of the first domesticated crops (TANNO and WILLCOX, 2006; see also DUC et al., 2010 and references therein) . However, its origin and wild ancestors are still unknown (MURATOVA, 1931; CUBERO, 1974; MAXTED et al., 1991; MAXTED, 1995) and furthermore, its taxonomic placement and evolutionary relations are still unresolved despite numerous traditional morphology-based taxonomies and systematics (more than 20 since Linnaeus, reviewed by MAXTED, 1993) and available molecular phylogenies (e.g. POTOKINA et al., 1999 ; VAN DE VEN et al., 1993; FENNELL et al., 1998; SCHAEFER et al., 2012) . New insights into these essential aspects of V. faba history, which are also required for breeding programs and crop improvement, may be gained via new approaches such as phylogeography (AVISE et al., 1987; AVISE, 2009) . Phylogeography is a relatively new discipline which makes inferences based on spatial arrangements of genealogically linked lineages detected mainly at haploid, nonrecombining and predominantly uniparentally inherited cytoplasmic genomes (chloroplastcpDNA and mitochondrial -mtDNA genomes in plants).
Given the lack of cpDNA diversity in V. faba (SHIRAN and MASHAYEKH, 2004; HAIDER et al., 2012) and high mtDNA diversity obtained via PCR-RFLP method and random mtDNA clones used as probes for hybridisation (SCALLAN and HARMEY, 1996) as well as nucleotide and length variability at intron 2/3 of the first gene of the NADH dehydrogenase (nad1 intron 2/3) in the genus Vicia (RYZHOVA et al., 2012) , it appears that mtDNA may be a promising tool not only for phylogeographic studies in V. faba that may shed more light on species origin and domestication but also for phylogenetic surveys that may resolve species evolutionary unfolding. However, utilization of maternally inherited (MOGENSEN, 1996) and slowly evolving mtDNA genome (WOLFE et al., 1987; LAROCHE et al., 1997) in diverse studies in V. faba may not be straightforward because plant mtDNA genomes are exceptionally variable in size (200 to 2.900 kb) and organization frequently altered by insertions, deletions and structural re-arrangements (LAROCHE et al., 1997 ; see also NEGRUK, 2013 and references therein) . This implies that it may be challenging not only to delineate informative regions but also to generate PCR products which can be used for further manipulation. This is because so-called universal primers, which are expected to generate PCR products in a vast majority of plant taxa (TABERLET et al., 1991) , may simply fail to amplify desired mtDNA regions in taxa of interest due to alternative organization of their genomes. Nonetheless, a recent report on complete mtDNA sequence of V. faba (NEGRUK, 2013) represents an essential milestone which would facilitate broader utilization of mtDNA variability in diverse studies in this species.
The aim of this study is to provide molecular tools for broader utilization of mtDNA diversity in diverse studies in V. faba. We firstly test via in silico PCR predictions whether universal mtDNA primers reported by DEMESURE et al. (1995) , DUMOLIN-LAPEGUE et al. (1997) and DUMINIL et al. (2002) are suitable also for V. faba and related species Vigna anglularis and Vigna radita whose complete mtDNA genome sequences are currently available in GenBank. We focus primarily on 15 primer pairs which amplify 14 cis-spliced introns in genes of NADH subunits (nad genes) because mtDNA non-coding regions are evolving faster than their adjoining coding regions, and introns in nad genes are amongst the most commonly used non-coding mtDNA regions in diverse studies in higher plants (e.g. FREUDENSTEIN and CHASE, 2001; WON and RENNER, 2003; ZHANG et al., 2006; TOLLEFSRUD et al., 2009; ALEKSIĆ and GEBUREK, 2010; HAVANANDA et al., 2010 , FROELICHER et al., 2011 RYZHOVA et al., 2012; LOCKWOOD et al., 2013) . Secondly, we test via PCR reaction whether seven out of 15 tested primer pairs would generate PCR products suitable for further manipulation in 16 genotypes of V. faba originating from Europe, Africa, Asia and south America which represent all botanical varieties of this species (major, minor, equina and subsp. paucijuga) of various levels of improvement (traditional cultivars and improved cultivars). We provide new PCR primers for amplification of nad1 intron 2/3 in V. faba, demonstrate intraspecific variability in primary nucleotide sequences at this locus, and based on outcomes of both in silico predictions and PCR amplifications, report a set of PCR primers for amplification of five introns in nad genes that are promising molecular tools for future phylogeographic and other studies in V. faba.
MATERIALS AND METHODS

Complete mtDNA genome sequences and in silico PCR
Mitochondrial genome sequences of Vicia faba cultivar Broad Windsor (GenBank accession number KC189947, NEGRUK, 2013) , Vigna radiata (HM367685, ALVERSON et al., 2011) and Vigna angularis (AP012599, NAITO et al., 2013) have been downloaded from NCBI database on 14 January 2014. They were used for in silico PCR amplification of 14 cis-spliced introns in genes of NADH subunits (nad1 introns 2/3 and 4/5; nad2 introns 1/2, 3/4, and 4/5; nad4 introns 1/2, 2/3 and 3/4; nad5 introns a/b and d/e; and nad7 introns 1/2, 2/3, 3/4 and 4/5) utilizing 15 universal primer pairs published by DEMESURE et al. (1995) , DUMOLIN-LAPEGUE et al. (1997) and DUMINIL et al. (2002) . In silico PCR was performed utilizing FastPCR 6.3 trial version (KALENDAR et al., 2009) . The maximal length of expected PCR products was set to 8 kb and allowed mismatch at 3'-end was set to two nucleotides. The positions of all primer binding sites of forward (F) and reverse (R) primers, the complementarity of primers and template DNA expressed through the percentage of binding nucleotides, melting temperatures (Tm) of individual primers (in °C), annealing temperatures (Ta) of primer pairs (in °C), and lengths of obtained PCR products were recorded in all legumes.
Plant material for PCR reactions
Plant material used for PCR amplification of seven introns in nad genes comprised 16 genotypes of V. faba representing different botanical varieties (major -abbreviation Ma, minorMi, and equina -Eq) and subsp. paucijuga (Pau) which are traditional cultivars (TC) or improved cultivars (IC) originating from China (cultivar name: Kingpi -characteristics: Eq, TC), India (CH182 -Pau, TC), Ethiopia (E14b -Eq, TC), Morocco (BPL4225 -not available), Sudan (Silian -Mi, TC), Greece (Apsalos -Eq, IL), Italy (Violetta di policoro -Ma, TC), Spain (Feve SevilleMa, TC), Denmark (Troy -Eq, IC), Finland (Mikko -Mi, TC), Germany (Diana -Mi, IC), United Kingdom (CH170 -Eq, IL), Peru (Rojo -Ma, TC) and Serbia (three traditional cultivars of major type -Bački Petrovac 2 and Deligrad, and of minor type -159B). Seeds of all accessions, obtained from the French National Institute for Agricultural Research (INRA) ex situ collection, were sawn and grown to seedlings in a greenhouse at Institute of Molecular Genetics and Genetic Engineering (IMGGE). Leaves from young seedlings were collected and desiccated with silica gel for c. two weeks prior to DNA extraction. Total genomic DNA was extracted using CTAB method, modification according to ALEKSIĆ et al. (2012) .
PCR primers and PCR amplification of seven introns in nad genes in V. faba
Introns in nad genes (nad1 intron 2/3; nad4 introns 1/2 and 2/3; nad5 intron d/e; and nad7 introns 1/2, 2/3 and 4/5) were PCR amplified in our source material. The reasoning for selecting these seven out of 14 introns in nad genes for further PCR analyses, which was based on outcomes of in silico PCR analyses and aimed at resolving obstacles evident from those analyses that may hamper PCR amplification and further utilization of these loci, is given in Results section upon providing outcomes of in silico PCR analysis for each out these seven loci.
We used mtDNA genome sequence of V. faba (NEGRUK, 2013) and FastPCR 6.3 trial version (KALENDAR et al., 2009) to design new primers for PCR amplification of nad1 intron 2/3 in this species. The difference in melting temperatures of F and R primers was set to 4 °C, CG clump was not opted, and primers of c. 20 bp length and CG content around 50% were generated. Out of several F and R primers which can be used for amplification of this particular intron, only those located within exon 2 (F primers) and exon 3 (R primers) and displaying quality above 75% were further used. Thus, we designed two F primers [nad1e2f15 (5'-TCTAGGAGCATTACGATCTGCAG -3') and nad1e2f108 5'-ATCCGCGAAGGCAATCGCTCG -3)'] and three R primers [nad1e3r1484 (5'-AGTTTCCCTGCATGTGGCTCG -3'), nad1e3r1602 (5'-GGAACAAGGGAATACCGGACC -3') and nad1e3r1667 (5'-TGGGAGATCAAACGGAGCTCG -3')]. Each out of two F primers was employed with each out of three R primers for PCR amplification of nad1 intron 2/3 in V. faba.
PCR reactions were carried out in 25 µl volumes containing: 100 ng template DNA; 1 × Taq Buffer with (NH 4 ) 2 SO 4 (Fermentas, Vilnius, Lithuania); 2.5 mM MgCl 2 ; 0.2 mM dNTPs; 0.4 µM of each Forward (F) and Reverse (R) primer; 0.80 % BSA (Bovine Serum Albumin, Promega, St Louis, U.S.A.); and 0.025 U of Taq DNA polymerase (Fermentas, Vilnius, Lithuania). Reactions were performed in the Mastercycler Gradient machine (Eppendorf AG, Hamburg, Germany) under following conditions: denaturation at 95 °C for 5 min., 39 cycles of denaturation at 95 °C for 45 sec., annealing at temperatures 55 °C (nad5 intron d/e, nad7 introns 1/2 and 2/3), 58 °C (nad1 intron 1/2, nad4 introns 1/2 and 2/3, nad7 intron 4/5) or 67 °C (used for all six combinations of new F and R primers for amplification of nad1 intron 2/3), extension at 72 °C for 2 min., final extension at 72 °C for 10 min.. PCR products were subjected to electrophoresis through 2% agarose gels followed by ethidium-bromide staining and were visualised under the UV light utilizing BioDoc Analyze (Biometra, Göttingen, Germany).
PCR products obtained with new primers nad1e2f15 and nad1e3r1602 for amplification of nad1 intron 2/3 were sequenced commercially with the F primer by Macrogen Europe, Amsterdam, Netherlands (http://dna.macrogen.com/eng/) via Sanger sequencing using 96-capillary 3730xl DNA Analyzer automated sequencer (Applied Biosystems, Inc., U.S.A.). Obtained sequences of the 5'-end of this intron in 16 V. faba genotypes were edited and aligned manually along with V. faba cultivar Broad Windsor sequence of this intron (NEGRUK, 2913) using Muscle (EDGAR, 2004 ) in MEGA 5.04 (TAMURA et al., 2011 .
RESULTS
In silico PCR analyses
The positions of all primer binding sites of 15 published primer pairs used for in silico PCR amplification of 14 cis-spliced introns in V. faba, V. angularis and V. radiata, the complementarity of primers and template DNA, Tm of individuals primers, Ta of primer pairs and lengths of obtained PCR products are presented in Table 1 . With regard to the complementarity of primers and template DNAs of three legumes, in silico PCR analysis revealed that F and/or R primers from six primer pairs (for amplification of nad2 intron 4/5, nad4 introns 1/2, 3/4 and primer pair of DEMESURE et al. (1995) for amplification of the entire nad4 gene, nad7 introns 2/3 and 3/4) harboured single nucleotide mismatches in their binding sites. Lower complementarity of primers and template DNAs was observed also for degenerate primers comprising up to three ambiguous nucleotides (F primers from primer pairs for amplification of nad2 introns 1/2 and 3/4, and nad7 intron 4/5). Primer pair for amplification of the nad2 intron 3/4 failed to generate PCR product in all three legumes because its R primer, which comprised three ambiguous nucleotides, lacked primer binding sites within exon4 of the nad2 gene, and primed loosely (complementarity between 58% and 62%) to alternative locations in all taxa. The remaining 14 primer pairs generated desired PCR products in all three legumes and their sizes ranged from c. 1 kb (nad7 intron 1/2) to 3.9 kb (nad7 intron 3/4), while the length of the PCR product obtained with primers F: nad4 exon2 and R: nad4 exon4 of DEMESURE et al. (1995) was c. 6.5 kb in all three legumes. We found that F primer from this primer pair was located not within exon2 but within exon1.
Out of 13 primer pairs that generated desired PCR products long up to 4 kb, only F and R primers from a primer pair for amplification of the nad5 intron a/b displayed single binding sites with maximal complementarity with template DNAs of all three species. Many primers from the remaining 12 primer pairs, however, had not only highly complementary binding sites at expected locations within mtDNA genomes of studied legumes, but also additional (multiple) binding sites of lower complementarity (between 65% and 98%). We tested via PCR amplification in 16 genotypes of V. faba whether multiple binding sites of primers would lead to the occurrence of multiple amplification products.
The highest number of multiple binding sites was observed for R primer from a primer pair for amplification of the nad7 intron 1/2 in all legumes (up to five additional binding sites of lower complementarity). On the other hand, the entire nad7 gene was triplicated within V. faba mtDNA genome and exon5 of this gene was copied on two alternative locations (NEGRUK, 2013) . Also, loci nad1 intron 2/3 and nad5 intron d/e were duplicated in this species (NEGRUK, 2013) and R and F primer from a primer pair for amplification of the former and the latter locus, respectively, also displayed additional binding sites of lower complementarity. We PCR amplified above listed loci (nad1 intron 2/3, nad5 intron d/e, nad7 introns 1/2 and 4/5) to test not only the potential confounding effect of the presence of two or three copies of introns on their utilization for further manipulation but also the effect of additional binding sites with maximal or lower complementarity with template DNA on occurrence of multiple amplification products.
Along with desired PCR products, non-specific amplification products were obtained via in silico PCR at two loci, nad7 intron 2/3 in V. faba (c. 4 kb) and nad7 intron 1/2 in Vigna angularis (c. 3.3 kb). They were generated with F primers (at the former locus) and with R primers (at latter locus). The occurrence of these multiple amplification products predicted via in silico PCR was tested via PCR amplification in 16 genotypes of V. faba. > Table 1 PCR amplification of seven introns in nad genes in V. faba
Based on nucleotide content of mtDNA sequences of studied legumes comprising binding sites of primers, we replaced mispairing nucleotides in three primers (F primer from a primer pair for amplification of the nad7 intron 4/5 -we introduced nucleotide G at position 17 instead of an ambiguous nucleotide V; F primer from a primer pair for amplification of the nad4 intron 1/2 -T at first position instead of C; and R primer from a primer pair for amplification of nad7 intron 2/3 -G at position 16 instead of A), and used such improved primers for PCR amplification in 16 genotypes of V. faba.
The outcomes of PCR amplification of seven introns in nad genes in 16 genotypes of V. faba are presented in Figure 1 (a to g) . Surprisingly, PCR amplification of nad1 intron 2/3 was rather poor because PCR products of expected length (c. 1.6 kb) were obtained in five out of 16 individuals, while in other individuals, either faint bands of expected length or lack of PCR products were detected (Figure 1a) . Furthermore, smears, which may occur due to various reasons including high DNA concentrations, low annealing temperatures, mispriming caused by secondary structure template, etc., were persistent even with altered DNA concentrations and PCR conditions (data not shown). Faint bands of expected length were obtained in one cultivar at locus nad5 intron d/e (Rojo, Peru) and in two cultivars at locus nad7 intron 4/5 (BPL4225, Morocco, and Diana, Germany), while lack of PCR products was observed in one cultivar at each out of two loci (Deligrad, Serbia at locus nad4 intron 2/3, and Rojo, Peru at locus nad7 intron 1/2). Overall, single bands of expected length suitable for further manipulation were obtained at three loci, nad4 intron 2/3, nad7 introns 2/3 and 4/5 (Figure 1c, f and g, respectively) , while multiple amplification products were obtained at three loci, nad4 intron 1/2, nad5 intron d/e and nad7 intron 1/2 ( Figure  1b, d and e, respectively). At locus nad7 intron 4/5, variation in length in 16 genotypes of V. faba was evident even on agarose gels (Figure 1g ).
PCR amplification of nad1 intron 2/3 with PCR primers provided in this study (two F and three R primers) was successful, and only outcomes of PCR amplification with nad1e2f15 and nad1e3r1602 are presented in Figure 1h .
Readable electropherograms of PCR products in 16 V. faba genotypes obtained with primers nad1e2f15 and nad1e3r1602 and sequenced with F primer were of c. 700 bp, and were alignable among themselves and with the 5'-end of this intron from V. faba cultivar Broad Windsor whose full length is 1439 bp (NEGRUK, 2013) . Within the 5'-end of the intron, two transversions were observed while length mutations were lacking. With regard to the primary nucleotide sequence of this intron reported by NEGRUK (2013), T/G transversion was detected at position 128, and A/C transversion at position 236. DISCUSSION A burst of complete mtDNA sequences of flowering plants especially over the past few years is essential for facilitating broader utilization of this haploid and predominantly uniparentallyinherited genome in diverse studies in plants. This is because available mtDNA sequences of taxa of interest or those of their close relatives may be used for detection of regions displaying variability in primary nucleotide sequences or in length, as well as for delineation of more conserved regions suitable for designing primers for PCR amplification of those informative regions. However, although mtDNA genomes of higher plants have rather slow evolution of primary nucleotide sequences (WOLFE et al., 1987; LAROCHE et al., 1997) , they are exceptionally variable in size and organization and are prone to frequent insertions, deletion and structural rearrangements (LAROCHE et al., 1997; NEGRUK, 2013 and references therein). Due to such fluid nature of plant mtDNA genomes, it is possible that mtDNA sequences available in public databases may differ to the certain extent from those of studied individuals and thus, the predictions based on known mtDNA sequences may not be fully applicable to unknown sequences. Figure 1 Results of PCR amplification of seven introns in nad genes in 16 genotypes of Vicia faba representative of the worldwide gene pool of this species; a to g -PCR products obtained with published original or improved PCR primers; h -PCR products obtained with primers developed in this study (nad1e2f15 and nad1e3r1602) for amplification of nad1 intron 2/3. A negative image of an ethidium bromide-stained agarose gel is shown. The size markers L1 and L2 in the lanes 1 and 10, respectively, are fragments of a 1 kb DNA ladder and 50 DNA bp ladder; reference bands of the size marker L2 correspond to fragments of 0.25 kb, 0.5 kb and 1 kb, respectively; PCR products in Vicia faba traditional cultivars (TC) or improved cultivars (IC) of major (Ma), minor (Mi) and equina (Eq) type and subsp. paucijuga (Pau) are presented in lanes 2 -8 and 11 -18, and comprise cultivars: 1 -Troy (country of origin: Denmark, characteristics: Eq, IC); 2 -CH170 (United Kingdom -Eq, IL); 3 -E14b (Ethiopia -Eq, TC); 4 -Mikko (Finland -Mi, TC); 5 -Apsalos (Greece -Eq, IL); 6 -CH182 (India -Pau, TC); 7 -Violetta di policoro (Italy -Ma, TC); 8 -Kingpi (China -Eq, TC); 9 -BPL4225 (Morocco -not available); 10 -Diana (Germany -Mi, IC); 11 -Silian (Sudan -Mi, TC); 12 -Feve Seville (Spain -Ma, TC); 13 -Rojo Peru Ma, TC); 14 -Bački Petrovac 2 (Serbia -Ma, TC); 15 -Deligrad (Serbia -Ma, TC); and 16 -159B (former Yugoslavia -Mi, TC).
In this study, we utilized both predictions based on in silico PCR analyses and PCR amplification in our source material in order to provide a set of PCR primers suitable for amplification of potentially informative introns in nad genes in V. faba which would facilitate broader utilization of mtDNA genome in phylogeographic and other studies in this species for which unambiguous data on wild ancestors, origin and domestication are lacking.
In silico PCR analyses revealed that six out 15 tested universal primer pairs of DEMESURE et al. (1995) , DUMOLIN-LAPEGUE et al. (1997) and DUMINIL et al. (2002) used for predictions of amplification of all 14 cis-spliced introns in nad genes in mitochondrial genomes of V. faba and two Vigna species were not suitable for these species because they harboured mispaired nucleotides within their binding sites. Although this obstacle can be overcome, this questions universality of those primers which, however, may be increased via introduction of ambiguous nucleotides. On the other hand, we found that utilization of degenerate primers harbouring ambiguous nucleotides in primers from three out of 15 primer pairs was not necessary in studied legumes. Furthermore, we argue that in legumes, characterized by large and repetitive mtDNA genomes (e.g. the size of mtDNA genome in V. faba was estimated to 588 kb, NEGRUK, 2013; 404466 bp in Vigna angularis, NAITO et al., 2013 ; and 401262 bp in Vigna radiata, ALVERSON et al., 2011) , utilization of degenerate primers should be avoided because they may either fail to generate PCR product (e.g. at locus nad2 intron 3/4), or alternatively, may display additional (multiple) binding sites with lower complementarity with template DNAs that may lead to the occurrence of multiple amplification products in PCR reactions (e.g. at loci nad4 intron 1/2, nad5 intron d/e and nad7 intron 1/2).
With the exception of a primer pair for amplification of the nad2 intron 3/4, the remaining primer pairs generated desired PCR products of up to c. 4 kb in three legume species, while the length of the PCR product obtained with primers F: nad4 exon2 and R: nad4 exon4 of DEMESURE et al. (1995) was c. 6.5 kb in all three legumes. DEMESURE et al. (1995) reported that these primers generated a PCR product of c. 4 kb in eight plant species. However, we found that such a long products were obtained because F primer was located not within exon2 but within exon1, and when employed with the R primer located within exon4, amplified the entire nad4 gene comprised of four exons and three introns. Such a long PCR products, although suitable for studies with restriction enzymes (DEMESURE et al., 1995) , are rather challenging for the assessment of their primary nucleotide sequences via sequencing reactions. For instance, even mtDNA stretches of c. 2 kb have been PCR amplified via multiple PCR reactions whose products have been used to assess the nucleotide content of the entire 2 kb long region (e.g. HAVANANDA et al., 2010) . In V. faba, multiple PCR reactions or sequencing with internal primers may be required for seven loci whose lengths estimated via in silico PCR analyses were 2 kb to 3.9 kb (nad1 intron 4/5, nad4 introns 1/2, 2/3 and 3/4, nad5 intron a/b and nad7 introns 3/4 and 4/5).
Overall, out of 15 published universal primer pairs of DEMESURE et al. (1995) , DUMOLIN-LAPEGUE et al. (1997) and DUMINIL et al. (2002) , in silico PCR analyses revealed that only one (for amplification of the nad5 intron a/b) is suitable for utilization in V. faba and representatives of the genus Vigna. Primers from this primer pair displayed single maximally complementary binding sites in all studied species and generated PCR products of c. 2.3 kb suitable for further manipulation. The main obstacles hampering utilization of other primer pairs comprised generation of exceptionally long PCR prodtucts and multiple binding sites which may lead to the occurrence of multiple amplification products. However, as already mentioned, predictions obtained via in silico PCR method may not necessarily be concordant with patterns obtained via PCR reactions, as discussed below.
PCR amplification of seven introns in nad genes in V. faba
The most unexpected outcome of PCR amplification of seven introns in nad genes in 16 genotypes of V. faba was poor amplification of locus nad1 intron 2/3 with universal primers of DEMESURE et al. (1995) . This is because this locus was successfully PCR amplified with same primers in 13 representatives of the genus Vicia including V. faba (RYZHOVA et al., 2012) . Nonetheless, nad1 intron 2/3 was successfully PCR amplified in our material as well but with primers reported in this study.
PCR amplification of other six loci in our material revealed that intron 2/3 of the nad4 gene and introns 2/3 and 4/5 of the nad7 gene (the latter two being triplicated within mtDNA genome of V. faba, NEGRUK, 2013) are also suitable for future studies in this species because at these loci, multiple amplification products were lacking and PCR products of expected length were generated in all individuals with one exception only (Deligrad, Serbia at locus nad4 intron 2/3). Thus, it appears that duplications and triplications of mtDNA introns within mtDNA genome of V. faba may not represent an obstacle for their utilization. This is also supported by comparison of primary nucleotide sequences of all duplicated and triplicated mtDNA introns in V. faba cultivar Broad Windsor because all corresponding copies of introns harboured identical nucleotide content (data not shown). Although further work is required to reveal whether these three loci are informative for future studies in V. faba, variability in length has been observed at nad7 intron 4/5 even on agarose gels (Figure 1g ). We assume that length variation at this locus was not related to the presence of five maximally complementary binding sites of the R primer from a primer pair for amplification of this locus.
Loci nad4 intron 1/2, nad5 intron d/e and nad7 intron 1/2 are not recommended for future utilization in V. faba because primers that amplify these loci are likely to generate not only desired PCR products of expected length but also additional non-specific amplification products of various lengths. Such an outcome, however, was not fully concordant with predictions on occurrence of multiple amplification products obtained in in silico analyses which revealed multiple amplification products at locus nad7 intron 2/3 only. Nonetheless, multiple binding sites of primers within mtDNA genome of V. faba cultivar Broad Windsor, which signify the presence of several oligonucleotide stretches within mtDNA genome of this individual that are more or less complementary with the primary nucleotide sequence of utilized primers and may contribute towards the occurrence of multiple amplification products, were observed for majority of primers used in this study. For instance, at locus nad4 intron 1/2, in silico PCR revealed only one additional binding site of R primer used for amplification of this locus, while in PCR reaction, the highest number of non-specific bands was observed at this locus (Figure 1b) .
The observed discordance with regard to the occurrence of multiple amplification products which were predicted via in silico analyses and obtained in PCR reactions may be due to the more technical issues, such as limitations of the utilized in silico method which may or may not be able to delineate all more or less complementary binding sites of primers that may generate multiple amplification products, or alternatively, to the differences in organization and/or primary nucleotide sequences of mtDNA genomes used for in silico analyses and those used for PCR amplification. The latter is possible owing to the exceptionally fluid organization of mtDNA genomes in plants (LAROCHE et al., 1997; NEGRUK, 2013 and references therein) and potential hampering effects of heteroplasmy (WOLOSZYNSKA, 2010) . Thus, in case that our plant material used for PCR amplification was also used for in silico PCR analyses, it is possible that additional binding sites of primers, which generated multiple amplification products at loci nad4 intron 1/2, nad5 intron d/e and nad7 intron 1/2, may have been detected. Therefore, we suggest that in silico PCR method, which utilizes mtDNA sequences that may differ to the certain extent from those of studied taxa, is not only suitable but also recommended for overcoming obstacles with regard to the mispairing of nucleotides within primer binding sites especially when based on mtDNA genome sequences of several related taxa. In silico PCR method is also suitable for estimating the length of PCR products, while its utility in predicting the occurrence of multiple amplification products is limited.
Finally, we support previous reports on intraspecific variability at the mtDNA level in V. faba (SCALLAN and HARMEY, 1996) because variability in length was detected at nad7 intron 4/5, while variability in primary nucleotide sequence was found within the 5'-end of the second intron of the nad1 gene based on analyses in 16 genotypes of V. faba representative of the worldwide gene pool of this species. The latter locus is one of the most commonly employed non-coding mtDNA regions in various studies in higher plants (e.g. FREUDENSTEIN and CHASE, 2001 ; WON and RENNER, 2003; ZHANG et al., 2006; TOLLEFSRUD et al., 2009; ALEKSIĆ and GEBUREK, 2010; HAVANANDA et al., 2010; RYZHOVA et al., 2012; LOCKWOOD et al., 2013) and its future utilization in V. faba requires PCR amplification with primers provided in this study.
Mitochondrial primers for amplification of introns in nad genes in V. faba
The aim of our study was to provide molecular tools for broader utilization of variability of the mtDNA genome in phylogeographic, phylogenetic and other studies in V. faba that may shed more light on its origin, domestication and evolutionary relations. We focused primarily on introns in nad genes because non-coding mtDNA regions are evolving faster that their adjacent coding regions, and, as mentioned above, introns in nad genes are amongst the most commonly used mtDNA regions in various studies in higher plants.
Out of 15 universal primer pairs published by DEMESURE et al. (1995) , DUMOLIN-LAPEGUE et al. (1997) and DUMINIL et al. (2002) which amplify all 14 cis-spliced introns in nad genes, only one (for amplification of nad5 intron a/b) is suitable for V. faba, as inferred from in silico analyses. Based on PCR amplification of seven introns in 16 genotypes of V. faba originating from Europe, Africa, Asia and south America which represent all botanical varieties of this species (major, minor, equina and subsp. paucijuga) of various levels of improvement (traditional and improved cultivars), however, either original or improved primers from three primer pairs (for amplification of nad4 intron 2/3 and nad7 introns 2/3 and 4/5) generated desired PCR products suitable for further manipulation. Along with PCR primers for amplification of nad1 intron 2/3 provided in this study, we report a set of primers suitable for PCR amplification of five introns in nad genes in V. faba. Although further studies are required to reveal whether these introns are informative, variability in primary nucleotide sequence was observed within 5'-end of the nad1 intron 2/3, while length variability was detected at locus nad7 intron 4/5. We also suggest further efforts to infer whether the remaining introns in nad genes that were not PCR amplified in this study may be utilized in V. faba as well, and also testing of other non-coding mtDNA regions for potential utilization in this species. 
